Accurately described excitonic properties of transition metal dichalcogenide heterobilayers (HBLs) are crucial to comprehend the optical response and the charge carrier dynamics of them.
I. INTRODUCTION
optical response and the carrier dynamics of TMD HBLs requires an accurate calculation of the excitonic states together with the GW correction of the electronic structure.
In this work, we report the electronic structure and optical absorption spectra, including excitonic effects and full spinorial wave functions, of MoS 2 /WS 2 and MoSe 2 /WSe 2 HBLs.
We classify the intralayer and interlayer excitons and report the valence and conduction band alignments. We find that the lowest energy exciton of both HBLs has interlayer character (charge transfer state), which makes these systems suitable to host excitons with long lifetimes. We find good agreement with the spectral ordering of excitonic peaks in the recent photoluminescence measurements of the MoSe 2 /WSe 2 bilayer by Wilson et al. 39 
II. METHODS
We calculate the excitonic states and the optical absorption spectra of MoS 2 /WS 2 and MoSe 2 /WSe 2 HBLs using ab initio many-body perturbation theory with the Bethe-Salpeter Equation (BSE). [40] [41] [42] In this formalism, the excitations are expressed in terms of electronhole pairs:
(E ck − E vk )A 
where E ck and E vk are the quasi-particle energies of the valence and the conduction band states, respectively. The energies and wave functions are obtained from DFT as implemented in Quantum Espresso 43 using the local density approximation (LDA) and norm-conserving fully relativistic pseudo-potentials. 44 The pseudopotentials are generated based on the parameters of PseudoDojo 45 . The plane wave energy cutoff is 120 Ry. We use fully relativistic pseudopotentials, Mo and W semi-core electrons are included in the calculations. The vacuum distance between two periodic images is 40 a.u. for both the single-and bi-layers.
In order to get the quasi-particle eigenvalues, the LDA energies are corrected by the G 0 W 0 approximation, 46, 47 as implemented in the Yambo code. 48 The G 0 W 0 quasi-particles energies are calculated on a 42 × 42 × 1 k-grid, centered on Γ. We use 160 bands for the self-energy and 160 bands for the dynamical dielectric screening.
The A S vck are the expansion coefficients of the excitonic states, and Ω S are their energies.
The interaction kernel between electrons and holes, K eh , contains the unscreened exchange interaction V (repulsive) and the screened direct Coulomb interaction (attractive) W . The latter term W depends on the dielectric screening. In the case of 2D materials the accu-rate treatment of the dielectric screening is crucial. The lower dielectric screening (when compared with 3D materials) results in large exciton binding energies, of the order of 0.5 eV.
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The imaginary part of the dielectric function, ( ω) = 1 ( ω) + i 2 ( ω), is proportional to the optical absorption spectra. It is expressed, in terms of the excitonic states as
where ck|p i |vk are the dipole matrix elements of transitions from the valence to the conduction bands. We consider in-plane polarization for both single and bilayers. The out of plane absorption gives a negligible contribution at the bandgap energies due to depolarization effects. In order to mimic the experimental results, the delta function is replaced by a Lorentzian with 0.05 eV broadening. Similar to G 0 W 0 , the BSE calculation are also performed using the Yambo code. 48 In order to avoid the longe-range interaction between the periodic copies of the single-layer along the vertical direction, a Coulomb cutoff of the screened potential is used in both in G 0 W 0 and BSE calculations. Since we are dealing only with the low energy part of the absorption spectra, it is sufficient to include only the 4 highest valence bands and 4 lowest conduction bands in the Bethe-Salpeter kernel.
III. RESULTS
The lattice parameters of MoS 2 (MoSe 2 ) and WS 2 (WSe 2 ) single-layers are almost commensurate 18, 52 which justifies the construction of the HBLs assuming A-A stacking (see the geometries in Fig. 1(a) As can be seen in Fig.1 , the conduction and valence bands at the K point in the Brillouin Zone (BZ) are not hybridized and can be assigned unambiguously to the constituent singlelayers. The trend is that the conduction band minima are purely localized on the MoX 2 whereas the valence band maxima are localized on the WX 2 layers where X represents S and Se atoms. Therefore, on the LDA level, the band alignment of HBLs are type-II, with conduction band (electrons) and valence band (holes) located at different layers. The G 0 W 0 calculations changes the magnitude of the alignments but not the character. Moreover, the order of the valence band states is determined by including properly the spin-orbit interaction. In our calculations the spin-orbit interaction is included exactly using full spinor wave functions. Table I reports the values of bandgaps, band offsets and spin-orbit splitting, as obtained in LDA and G 0 W 0 levels. These conclusions are in line with the experimental observations.
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In addition, the interlayer interaction makes the HBLs indirect semiconductors on both the LDA and the G 0 W 0 level. As shown in Fig.1 In layered compounds, excitonic effects are much stronger than in bulk compounds due to reduced Coulomb screening. The prominent excitonic effects are particularly important for the low energy optical response and the charge carrier dynamics of the ultra thin materials.
In the case of HBLs, the excitons posses inter or intralayer character whose spectral position depend on their binding energy and the band alignment of the constituent single-layers.
Therefore, the type-II band alignment of the HBLs obtained in the independent-particle picture can be insufficient to ensure an interlayer exciton at the lowest energy in the optical spectra. Thus, a realistic calculation of excitonic binding energies and a characterization of the optical properties of TMD HBLs demands for accurate ab initio methods with the BSE approach including the spin-orbit coupling.
The optical spectra including excitonic effects of MoS 2 /WS 2 and MoSe 2 /WSe 2 HBLs are shown in Figures 2 and 3 , respectively. In both figures, the panel (a) shows the absorption spectra for the constituent layers MoX 2 (blue), WX 2 (red) and HBLs (green). We focus on the absorption threshold of the spectra, in particular on the first three bright excitons of each HBLs.
In the case of MoS 2 /WS 2 HBL the X 1 exciton is an interlayer exciton which is energetically lower than the intralayer ones as shown in Fig. 2(a) . The projected band structure ( Fig. 2(b) ) shows that the exciton is composed of transitions from the of top of the highest valence band at K to the minimum of the second conduction band (note that the spin-orbit splitting of the conduction band minimum is only 3 meV 54 and thus the two lowest conduction bands cannot be distinguished on the energy scale of Fig. 2) . The exciton wave function is represented by fixing the hole and plotting the electron density. In all the figures, the maximum of the electron density is set to 1 and we fix a consistent isosurface value. The wave function of the exciton localizes in the WS 2 layer when the hole is placed in the MoS 2 layer as can be see in Fig. 2(d) . 55 The small oscillator strength of this exciton peak is the result of the spatially separated charge carriers. Another important point is that the interlayer X 1 exciton is not the lowest energy exciton in the absorption spectrum of the HBL, there is another interlayer dark exciton D 1 , which is 3 meV lower in energy (and due to transitions from the top valence to the lowest conduction band). Therefore, photoluminescence (PL)
can be quenched at low temperatures if the splitting dark-bright is large enough (as noted already for PL from intra-layer excitons 54, 56 ).
In addition to the interlayer exciton we also present the first two intralayer excitons derived from band-to-band transitions within each single-layer. It can be seen in the projected band structure plot that the intralayer excitons X 2 and X 3 belong to MoS 2 and WS 2 layers, respectively. The localization of the electron and the hole in the same layer (see Fig.   2 (d)) enhances the oscillator strength and therefore the absorption is much stronger than the interlayer exciton. These excitons are slightly red-shifted with respect to the single-layer excitons (see blue and red spectra in Fig. 2(a) ), as a result of the increased dielectric screening in the case of bilayer.
The excitonic binding energies of the HBLs provide valuable information of their optical properties. Table II shows Fig.   1 . We include the peak positions of the X 2 and X 3 excitons in the case of single-layer.
Spectral position (eV) can be be clearly distinguished from the band structure shown in Fig. 3(b) for exciton X 1 .
We expect the effect of PL quenching to be more visible at low temperature for MoSe 2 /WSe 2 HBL than in the case of MoS 2 /WS 2 .
Experimental proofs of the existence of interlayer excitons are more robust for the Se HBL than for the S HBL case. In photoluminescence experiments, e.g., Wilson et. al.
detected the intra-layer exciton peaks at 1.57 and 1.64 eV for MoSe 2 and WSe 2 , respectively (in qualitative agreement with our results in Table II ) and the interlayer exciton around 0.22 eV below the X 2 , in comparison with our prediction of 0.14 eV. Differences can be due to the presence of a substrate, which is neglected in our calculations and due to the bilayer twist or stacking that results from the layer depositions in the experiments. Time-dependent PL showed long lifetime excitons with low radiative efficiency, indicating that the lowest energy exciton has interlayer character in agreement with our results. 56 We present only calculations of absorption spectra where the intensity of the peaks is directly given by the dipole matrix elements (oscillator strengths) of the excitonic states (see Eq. 2). For the Se HBL, the oscillator strength of the interlayer exciton is fifty times smaller than the one of the lowest intralayer exciton (due to the spatial separation of the wave functions on neighboring layers). As can be seen in Fig 3 (a) , the intralayer exciton can hardly be detected in an absorption experiment. In PL experiments, however, the intensity ratio of the peaks is reversed. The intensity is proportional to the oscillator strength and to the exciton population.
Since the exciton recombination time is slower than the thermalization 36,57 , we assume on a first approximation that the occupation of the excitonic states follows the Bose-Einstein distribution. Figure 4 shows a visualization the PL intensity for several temperatures, obtained by multiplying the oscillator strength by the Bose-Einstein distribution. The ratio between two peaks is then proportional to the Boltzmann factor exp(−∆E/k B T ), where ∆E is the energy difference between two excitons. An improved quantitative calculation of luminescence spectra would include the transition rates from the intralayer excitons (into which absorption takes place) to the interlayer exciton. However, these rates are currently 
